a b s t r a c t : The pH-dependent change in conformation o f bovine serum albumin, located between pH 6 and 9 (neutral transition), was studied by means o f optical rotation measurements at 313 nm and hydrogen ion titration experiments, both in the presence o f KC1 or CaClj. The optical rotatory dispersion measurements revealed that with CaCl2 the transition proceeds at lower pH values and within a smaller pH range than without calcium. From an analysis o f the titration curves, combined with the observed influence o f calcium ions on the neutral transition, it could be concluded that the transition causes a p K shift o f certain groups, probably imidazole groups,
since as a consequence o f the pK shift protons are released in the neutral region. That these groups are indeed imidazole groups was further confirmed by measuring the apparent heat o f proton dissociation. The highest pK was found in the low pH conformation. This suggests that in this conformation several histidyl residues are involved in salt bridges. The effect o f calcium on the neutral transition indicates that the affinity o f albumin for protons decreases upon calcium binding. The relation between calcium and proton binding to albumin shows much resemblance with the Bohr effect o f hemoglobin, i.e., the relation between oxygen and proton binding. t has been established by several methods that bovine serum albumin (herealter referred to as the albumin) shows a conformational change between pH 3.5 and 4,5, which is callcd the nermaMast or NF transition (Aeki and Foster, 1956, 1957; Foster, 1960; Sogami and Foster, 1968 ) and a change in conformation roughly between pH 6 and 9 (Leonard e t a l., 1963), the neutral transition. The N F transition can be explained (Foster, 1960) by assuming that the albumin moleculecontains four compact parts or ''subunits," held together by the peptide backbone itself. Later on evidence has been p r e -, sented for a three-or four-subunit model (Bloomfield, 1966; Peters and Hawn, 1967; Franglen and Swaniker, 1968; Pederson and Foster, 1969) . When the net charge o f the molecule increases a rearrangement o f the subunits occurs, resulting in an exposure o f the interfaces between the compact folded parts to the solvent and consequently in unmasking o f certain groups. Only a small rearrangement is supposed to happen at the neutral transition because hydrodynamic parameters remain nearly constant (Tanford and Buzzell, 1956 ; Leonard e t a l., 1963). At the N F transition which is accompanied by an appreciable change in these parameters (Sogami and Foster, 1968), presumably a more drastic rearrangement occurs which probably reflects an increase in distance between the subunits.
Experimental data point to the idea that besides tyrosyl residues (Herskövits and Laskowski, 1962; Ohkubo, 1969) also carboxylate groups are involved in the subunit interactions since it has been found by Vijai and Foster (1967) that in the native form o f the protein only about 60 o f the approximately 100 carboxylate groups are available for protonation. These'authors suggest that probably é-amino groups partici-pate as cationic partners o f the masked carboxylate groups in the electrostatic interactions between the subunits in the pH region between the N F transition and the neutral transi tion. This would be in aecord with the results of Goidfarb (1966), who found indications for the presence o f masked €-amino groups. However, it cannot be ruled out that other cationic groups such as imidazole or guanidinium groups are also involved in this mechanism. Some evidence for the participation o f guanidinium groups is presented by Barré and Van Huot (1965). So far, however, the presence o f masked imida zole groups has not been shown, although Decker and Foster (1967) had to assume, in order to explain their titration re sults, the presence o f 10 histidines with a fairly high pK o f about 7.5. This increase in pK can be caused by negative charges located near the imidazole groups and therefore could be an indication that these groups are involved in the forma- Figure 4 presents the difference in protons bound at the same pH by liganded and unliganded albumin, respectively. The curve is a direct measure for the change in pröton affinity o f the protein upon Ca2+ binding. The maximum change is found around the physiological pH. A direct consequence of the finding that the proton affinity o f the protein is influenced by C a 2+ ions is that also the C a2+ ion affinity should be affected by hydrogen ions (Wyman, 1968) . According to W yman (1968) the total change in Ca2+ affinity between two pH values is proportional to /A Z d pH o f the curve in Figure 4 between these two pH values. However, C a2+ binding experiments are too inaccurate to give good data in this respect.
The interaction between the binding o f C a2+ and protons is analogous to the interaction found between the oxygen and proton binding sites in hemoglobin. In the case o f hemoglobin it is generally accepted (Perutz, 1970) 06, 0.868iv is about 0.030 (Tanford, 1966) . So we calculated that the lowest value o f -(dpH/dZn) = 0.130, which is much higher than experimentally is found. This big difference between calculated and experimental buffer capacity rules out in our opinion the above expianation. It is still possible that C a8+ ions do indeed influence directly the p K o f imidazole groups, but that due to the fact that C a2+ ions bind presumably more to the high pH conformation than to the low pH form, the shift in p K is mainly found in the high pH conformation. In this way the change in conforma tion remains effectively involved. In fact, this expianation is indistinguishable from our first proposal. However it does not answer the question, why imidazole groups have an abnormally high p& value in the low pH conformation. T o answer this question the existence o f salt bridges has to be assumed and combined with the change in conformation this makes our first proposal more likely. That the change in conformation is the direct cause o f p K shifts is also supported by the fact that To show that our explanation given so far can serve as a description o f the anomalous titration behavior and especially o f the high buffer capacity o f albumin after C a2+ binding, we 1 The phenomena described were also studied under more physiological conditions. Two solutions were compared which contained the same concentraticms of NaCt and KC1 as in bovine serum. To one of them also S mequiv of CdCh and 2.5 mequiv of MgCls were added per 1. while to the other solution so mach NaCi was addëd that the total ionic strength o f both solutions was the same (/ ■* 0.16). The albumin concentration was 29. 3 g/1. The values o f pHso, ApHio.jn, and -A p H /  AZu (in the minimum o f the titration curve) were 7.65, 0.8, and 0.103  for the Ca and Mg containing solution and 8.11, 1.6, and 0.126 for the other solution. This indicates that also under physiological conditions similar phenomena are observed as described in the other experiments. 
whère Z om is the ntaximum positive proton charge, which it the same lbr both conformation» and mm' is the reat number o f imidazole groups o f one macromolecule that undergoes a pJC shift during the conforma-This equation differs from eq 1 by the term («a -a A)d«im'/ dZH; d//Ira' is the number ó f imidazole groups, which change their p K upotl a change in proton charge dZH; <sa and a B stand for the degree o f ionization o f these groups in the low pH conformation (A ) and high pH conformation (B), respectively. Because nothing is known about the p K shift, we assumed «a Ö« which mmriê thftt we SHppoaed that the ftrftMP itt* volved are really masked in conformation A. We further chose, as is shown in Figure 6a Figure 6b were obtained. In the calculations 0.868» was again chosen equal to 0.030 (Tanford, 1966) . It is clear that the curves show very much resemblance to the experimental ones o f Figure 3 . A s the minimum value for -(dpH/dZH) in the presence o f C a2+ ions, we calculate 0.077, while experimentally 0.080 is found. It has to be noted finally that we assumed that w is not affected by the change in conformation. There is, indeed, no reason to expect a dependence o f w on this change in conformation, because as is said the hydrodynamic parameters o f albumin do not change between pH 5 and 10.
